The role bacteria play in transferring organic carbon to other trophic levels in aquatic ecosystems depends on the efficiency with which they convert dissolved organic carbon into bacterial biomass and on the ability of consumers to graze bacteria. We have measured the conversion efficiency for bacteria growing on macrophyte-derived dissolved organic carbon and estimated the amount of bacterial production removed by grazing. Bacteria converted this DOC into new tissue with an efficiency of 53%, substantially higher than the apparent conversion efficiency of macrophytederived particulate organic carbon or other types of DOC. Two estimates of grazing indicate that the decline in bacterial numbers after the bloom was probably due to grazing by flagellates. These results show the significance of the bacterial link between DOC and other trophic levels.
Dissolved organic carbon (DOC) metabolism by bacteria is a significant process by which dissolved organic carbon is concurrently mineralized and converted to particulate organic carbon (see Azam et al. 1983; Pomeroy 1984; Williams 1984) . Given that dissolved organic carbon comprises a large part of the total organic carbon in aquatic ecosystems, it is important to determine the relative rate of DOC mineralization and production of bacterial biomass. If bacterial metabolism of an organic substrate is inefficient in the sense that most of the organic C is catabolized to CO2 rather than assimilated into new tissue, then the contribution of bacterial biomass to higher trophic levels will be small relative to its role in decomposing the substrate. Conversely, if bacteria efficiently assimilate DOC into new tissue or extracellular material, then their potential significance as an organic carbon source for other trophic levels is enhanced (Paerl 1974; Biddanda 1985) .
The validity of many models of carbon flow in aquatic ecosystems hinges on the value selected for this conversion efficiency (cf. Williams 1984) . To determine the conversion efficiency for bacteria in a particular system, we need to know the rates of substrate uptake, bacterial production, and CO, production. We have measured the parameters necessary to estimate the conversion efficiency for bacteria growing on macrophyte leachate in water from the Ogeechee River, a blackwater river in southeast Georgia. The Ogeechee has high concentrations of DOC ) and relatively high bacterial abundances (Edwards 198 5) , implying that DOC may be a significant growth substrate for bacteria in this system. J. J. Cole, T. Fenchel, L. R. Pomeroy, and B. Biddanda read and improved the manuscript. E. McCarron drafted the figures.
Methods
Leaves of alligatorweed, Alternanthera philoxeroides (Mart.) Griseb., were collected from living plants and lyophilized.
At the same time, rhizomes were collected, stripped of their leaves and held in Ogeechee River water in preparation for 14C labeling of new leaf growth. After new growth was well under way (~2 weeks) the plants were transferred to a glass chamber under artificial lights, a vial containing NaH14C03 (40 PCi) was placed in the chamber, the chamber was sealed, and HCI was injected into the vial to generate 14C02. A small fan circulated the air within the chamber. The chamber was left in place for 2 h, at which time air samples withdrawn with a syringe showed 14C02 to be depleted. This procedure was repeated daily for 4 days. Plants were removed from the chamber between labeling periods, and after the fourth labeling period were left uncovered for 2 days to allow equilibration of internal pools. Leaves were harvested on the third day after the last 14C02 exposure.
Dissolved organic carbon was leached from the leaves (labeled and unlabeled) for 24 h in 0.2-pm-filtered Ogeechee River water and its concentration in the leachate and initial water determined with an 01 model 700 TOC analyzer. The requisite amount (described below) of leachate was added to flasks containing 3-pm-filtered Ogeechec River water. Leachate additions were planned to represent the amount of DOC that would be added to a 2-m3 parcel of water moving through a macrophyte bed (300 g dry wt mm2) in 1 day. Dead intact leaves of alligatorweed release 39 mg DOC g dry wt-' d-l, so 5.9 mg DOC liter-' would be added to this water parcel.
Unlabeled alligatorweed leachate (50 ml) was added to two 3-liter flasks containing 2 liters each of 3-pm-filtered Ogeechee River water (hereafter referred to as +leachate flasks). Two control flasks received 50 ml of filtered Ogeechee River water instead of leachate. 14C-labeled leachate was added (in the same proportion) to smaller flasks to follow 14C02 production and [14C]DOC concentration.
For labeled leachate, there were five live flasks and two killed controls (5 ml of buffered Formalin). All flasks were kept in the dark at 25°C and gently agitated (-100 rpm).
Samples from flasks with unlabeled leachate were used to determine DOC concentration, bacterial biomass and production, and protozoan numbers. Flasks with 14C-labeled leachate were sampled for ['4C]DOC and 14C02 production.
After leachate was added to flasks, DOC concentration in filtered (combusted Gelman AE) samples was determined at 1, 10, 23, 3 1, 52, and 72 h. At the same times, samples were taken for bacterial counts (epifluorescence) and production ([3H]thymidine incorporation into DNA). Samples for protozoan counts (50 ml) were taken at 1, 23, 52, and 72 h, preserved in Lugol's fixative, and subsamples counted at 400 x on an inverted microscope (Utermijhll958).
Carbon mineralization was determined by following 14C02 production in flasks containing 14C-labeled leachate. 14C02 in the headspace of the flasks was purged through two scintillation vials containing 0.5 ml of ethanolamine. This system has a combined trapping efficiency of >90%. Dissolved 14C0, was measured as the difference in radioactivity of filtered water samples before and after acidification.
[14C]DOC was defined as radioactivity remaining after acidification. All scintillation counting was done in a Beckman LS1800 and quench determined from the relationship between H number and counting efficiency (Horrocks 1977) .
Bacterial abundance was determined with epifluorescent direct counts (Hobbie et al. 1977) . Cells were measured on photographs of the epifluorescent slides and volumes converted to biomass at 0.09 g C cm-3. Bacterial production was estimated from the rate of incorporation of [3H]thymidine into DNA. Samples (10 ml) were incubated for 1 h with 40 &i [3H]thymidine (80 Ci mmol-l).
DNA extraction, precipitation, and hydrolysis were as described by Findlay et al. (1984) .
Results
The addition of alligatorweed leachate to Ogeechee River water increased the concentration of DOC from 7.2 to 14.3 mg liter-l (Fig. l) , well within the range of DOC concentration seen in the river (Meyer 19 8 6) . After a lag period, DOC in the + leachate flasks decreased and after 72 h -70% of the added leachate had disappeared. Radioactivity from 14C-labeled leachate showed a more rapid decline (Fig.  2 ) than the DOC (Fig. 1 ) with a total loss of 79% of the amount of radioactivity added. Given the more rapid decline and somewhat greater overall loss of the labeled material, it is possible that the entire suite of dissolved compounds was not uniformly labeled. If smaller (presumably more labile) compounds were preferentially labeled, assimilated, and retained rather than respired, our carbon mineralization rates would be somewhat underestimated.
14C02 in solu- tion increased over the first 30 h along with the most rapid decrease in [14C]DOC and then remained fairly constant. Negligible amounts of 14C02 appeared in the headspace of the flasks and never amounted to >2% of dissolved 14C02 (data not shown). The pH was 6.5-7.0 throughout the expcriment.
Formalin-killed controls showed no production of 14C02, and ['4C]DOC levels were never significantly different from the initial amount (Fig. 2) .
Bacterial biomass and production in control flasks were essentially constant over the 3 days (Fig. 3) and well within the range of field samples (Edwards 1985) . In +leachate flasks, cell numbers increased over the first 2 days and then declined (Fig. 3A) . were due to high values for one of the two replicates (e.g. one was 0.19 and the other was 0.53 at 23 h). The overall average cell volume for +leachate flasks was 0.23 pm3 cell-', with a range of 0.13-0.36. We used the average cell volume for each treatment to calculate C cell? Bacterial production in +leachate flasks increased greatly between 10 and 23 h and eventually declined to 16% of the maximum value (Fig. 3B) .
There was a slow, steady increase in protozoan abundance in control flasks during the 3 days (Table 1) . In +leachate flasks, there was a large bloom of flagellates between 52 and 72 h concurrent with a sharp decrease in bacterial abundance (Fig. 3A) . Flagellate biovolume per individual remained fairly constant in control flasks throughout the experiment (overall average = 25 pm3 individual-l; range = 16-37), but in +leachate flasks increased from 30 pm3 individual-' to about 160. This range in biovolumes is roucrhlv'the size ranPe re- We calculated conversion efficiency (biomass produced/substrate assimilated) from the integrated bacterial production in +leachate flasks divided by the amount of leachate removed from solution. Bacterial production integrated over the 3 days was 2.6 mg C liter-'; during this period, the drop in DOC concentration was 4.9 mg C liter-*, The resulting conversion efficiency is 53% (2.614.9). Using the amount of 14C02 produced from labeled leachate (26% of amount added, Fig. 2 ) to estimate mineralization of unlabeled leachate yields a total CO, production of 1.9 mg C liter-' in +leachate flasks. The sum of integrated bacterial production and total CO2 production equals 9 1% of the DOC loss, indicating that no major sources or sinks of DOC have been neglected. Also, this close approximation to mass balance shows that our conversion factors (cells produced per mole thymidine incorporated, C/bacterial biovolume, etc.) were not seriously underestimated (cf. Bratbak 1985) .
Discussion
The question of whether aquatic bacteria are a link or a sink in units of organic carbon (sensu Pomeroy 1974) can only be answered after determination of bacterial assimilation of organic substrates, subsequent growth of bacteria, and consumption of bacteria by other trophic levels. Clearly, the data required to answer these questions for a wide variety of aquatic habitats are not yet available, but the present experiment provides a clear answer for this particular case. When supplied with alligatorweed leachate, bacteria convert >50% of assimilated carbon into new biomass, and it appears (based on fluctuations in cell counts, see below) that much of this production is consumed. In this instance, bacteria serve as a link between a generally unavailable organic carbon source (DOC) and consumers of particulate carbon. However, bacteria growing on DOC concentrated from Ogeechee River water or from deciduous leaf leachate seem to have a lower conversion efficiency (averages, 3 1 and 10%: Meyer et al. 1987) .
Most reports of bacterial conversion efficiencies for soluble organic material suggest values > 50% (Williams 1984 ; see also Billen et al. 1980; Bauerfeind 1985) . These figures lend support to the idea that bacteria serve as a link rather than a sink because most of the assimilated substrate remains as organic carbon rather than being mineralized. There are fewer estimates of bacterial growth on particulate detritus, and, as a general rule, these estimates are substantially lower, of the order of lo-20% (e.g. Linley and Newell 1984; see Robinson et al. 1982) . Conversion efficiencies of this magnitude indicate that during metabolism 5-l 0 times more organic carbon is "lost" as CO, than is converted into new tissue. By way of comparison, on the fourth day after we added particulate alligator-weed detritus to Ogeechee River sediments, carbon mineralization (estimated from O2 uptake) was -500 mg C m-2 d-l while bacterial production was 50 mg C m-2 d-l (Findlay et al. 1986 ). The apparent conversion efficiency of particulate alligator-weed detritus would then be about 10% as opposed to the 53% value for alligatorweed leachate. These data raise the possibility that DOC and POC derived from the same source function quite differently in supporting bacterial growth.
These comparisons presume that bacteria were C limited. Given the similarity in C : N ratio of fresh-dried and hot-water-leached leaves (7.25 and 8.3) it would seem that bacteria growing on alligator-weed POC and DOC were probably not N limited. Other studies of material with a higher C : N ratio show lower conversion efficiencies (cf. Linley and Newell 1984) .
The remaining step necessary to delimit Fig. 4 . Grazing on bacteria estimated from the difference between predicted and actual number of cells or from published clearance rates. Predicted minus actual estimates are plotted at the midpoint between sampling points because they are computed from changes over the interval. Numbers in parentheses are the percent of daily bacterial production that would be removed by a given grazing rate.
the significance of bacterial conversion of DOC to POC in trophic transfers is to quantify the consumption of bacteria. The present data allow two separate estimations of the magnitude of the grazing pressure on bacteria. The first approach uses the bacterial production measured via thymidine incorporation to predict the increase in number of cells. The predicted number of cells at the end of an interval is the initial number of cells plus the average bacterial production multiplied by the length of the interval. If we assume that all mortality was due to grazing, differences between predicted and actual numbers of cells may be attributed to removal of cells by grazing. The total number of cells per liter removed divided by the length of the interval gives the grazing rate. This general approach of balancing growth against mortality has proven useful (Wright and Coffin 1984; Riemann 1985) .
As a second approach to estimating the grazing impact of flagellates on bacteria, we applied published clearance rates to the flagellate abundances seen in our experiments. The grazing rate at time t is G(t)(cells liter-l h-l) = flagellates(t)(ind. liter-l) x clearance(m1 ind.-* h-l) x bacteria(t)(cells ml-l).
Not surprisingly, there is a wide range in published clearance rates (2 x 1O-7 to 3 x 1 O-4 ml flagellate-' h-l; range compiled from work of Fenchel 1982; Sherr et al. 198 3; Davis and Sieburth 1984; Andersen and Fenchel 1985) . Apparently, the concentration of bacteria is a major determinant of clearance rate (Davis and Sieburth 1984) . We have used a clearance rate of 1O-5 ml flagellate-l h-l (Andersen and Fenchel 19 8 5) , realizing that this may be an underestimate at low bacterial concentrations (i.e. early in the experiment) and an overestimate at high bacterial concentrations. Both our estimates show that grazing could remove a significant fraction of daily bacterial production in the +leachate flasks after the first 2 days (Fig. 4) . Despite the uncertainties in both approaches to estimating grazing, the results are consistent with respect to timing, the order of magnitude of the estimates, and the dynamics of the bacterial community. It would appear that grazing is a major fate of this bacterial bloom. Others have reported an increase in protozoa after a bacterial bloom, and protozoan grazing has been implicated in the decline of bacterial numbers (Linley and Newell 1984; Andersen and Fenchel 198 5) . These results, along with manipulations of natural planktonic assemblages (Wright and Coffin 1984; Riemann 1985; Servais et al. 1985) , strongly suggest that protozoa graze a major fraction of bacterial production.
Extrapolation of short term experiments to the field is always tenuous due to the intervention of other factors (seasonality, disturbance, etc.) but our results clearly demonstrate the significance of a DOC-bacteria-flagellate link in organic carbon flow in the Ogeechee River. Other organic carbon sources in the water or sediments are apparently used with lower efficiency (Findlay and Meyer 1984; Meyer unpubl. data) and the contribution of bacterial biomass to large benthic consumers may be small (Findlay et al. 1984) .
